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¢Sources & EM emissivity
¢Modelling the evolving system: 
�3D hydro
�3D viscous hydro
� Fluctuating initial states
¢Are photons sensitive to all of the 
above?

� If so, can we quantify this?
�Dileptons?
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INFO CARRIED BY THE RADIATION 
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Thermal ensemble average of the current-current correlator

McLerran, Toimela (85), Weldon (90), Gale, Kapusta (91)
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Sources of photons:

Hard direct photons. pQCD with shadowing
Non-thermal

Fragmentation photons. pQCD with shadowing
Non-thermal

Thermal photons
Thermal

 Jet in-medium bremsstrahlung
Thermal

 Jet-plasma photons 
Thermal
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Thermal Photons from hot QCD: HTL program (Klimov 
(1981), Weldon (1982), Braaten & Pisarski (1990); 

Frenkel & Taylor (1990))

Kapusta, Lichard, 
Seibert (1991)
Baier, Nakkagawa, 
Niegawa, Redlich (1992)

Going to two loops:  Aurenche, Kobes, Gelis, Petitgirard (1996)
            Aurenche, Gelis, Kobes, Zaraket (1998) 

Co-linear singularities:
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2001: Results complete at O(α s )
Arnold, Moore, and Yaffe JHEP 12, 009 (2001); JHEP 11, 057 (2001)
Incorporate LPM; Inclusive treatment of collinear enhancement, 

photon and gluon emission
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ELECTROMAGNETIC RADIATION FROM HADRONS

Chiral, Massive Yang-Mills:
O. Kaymakcalan, S. Rajeev, J. Schechter, PRD 30, 594 (1984)

Parameters and form factors are constrained by 
hadronic phenomenology:
•Masses & strong decay widths
•Electromagnetic decay widths
•Other hadronic observables:

• e.g.   
5

a1 ! ⇡⇢ D/S (See also, Lichard and Vojik, arXiv:1006.2919)

EM emissivities computed: Turbide, Rapp, Gale, PRC (2004); 
Turbide, McGill PhD (2006)
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PHOTON SPECTRA: SOME RESULTS

¢Reactions involving strangeness sub-dominant
¢Large contribution from the hadronic channels with a       

initial state 
¢Used to interpret WA98 data
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APPLYING THIS TO THE SOFT SECTOR @ RHIC

¢At low pT, spectrum 
dominated by thermal 
components (HG, 
QGP)

¢At high pT, spectrum 
dominated by pQCD

¢Window for jet-QPG 
contributions at mid-
pT

7
Turbide, Gale, Frodermann, Heinz, PRC (2008);
Higher pT: G. Qin et al., PRC (2009)
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BEYOND ONE-BODY DATA: FLOW AND CORRELATIONS 

• Soft photons will go with the flow
• Jet-plasma photons: a negative v2

• Details will matter: flow, T(t). . .

Turbide, Gale, Fries PRL (2006)
Low pT: Chatterjee et al., PRL (2006)
All pT: Turbide et al., PRC (2008) 
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FIG. 5: (Color online) Nuclear modification factor of direct photon in central Au+Au collisions at RHIC in 2D+1 hydro, with
a scale Q = pT /

√

2 in the prompt contribution. Left panel: effect of shadowing and isospin on the prompt contribution without
medium effects. Righ panel: the effect of QGP and the scale is studied. The effect of a scale Q = pT is shown by the double
dash-dotted line, while the effect of removing all photons produced from jet-medium interactions is shown by the dashed line.
The result obtained without isospin effects is shown by the dot-dashed line. Data points are from PHENIX [29].

curve shows the nuclear modification factor evaluated with all sources described in this paper, together with the
relativistic hydrodynamics evolution. Recall that the relativistic hydrodynamics modeling is constrained by a set of
soft hadronic data [11]. The larger visible effect on the nuclear modification factor appears when jet-plasma photons
are neglected (dashed line), causing a 30% reduction at pT = 8 GeV. The jets are however allowed to loose energy
before fragmentation (like all cases in this panel). Because of the large errors, the data does not currently permit
to choose between the cases where the jet-plasma photons are present or absent. However, it is important to realize
that Rγ

AA < 1 at higher values of pT , is a direct consequences of the fragmentation photons being affected by the
energy loss of the fragmenting jet, as well as isospin effect in the nucleus-pdf. Should this trend, apparent in Figure
5, be confirmed experimentally, a quantitative link would exist between the high momentum nuclear modification
factor of photons, and that of strongly interacting particles also born out of jet fragmentation. It is important for the
same approach to reproduce both observables. Also, the large values of Rγ

AA observed at pT < 6GeV/c (right panel
of Fig. 5) are directly attributable to thermally-induced channels, in our approach. Our calculated results appear
to overestimate the central values of the measured quantities (note however that the denominator of Rγ

AA is slightly
underestimated at low pT by pQCD: correcting this will make our result correspondingly smaller), but smaller error
bars would go a long in quantifying the medium-related processes.

0 2 4 6 8 10 12 14 16 18
pT [GeV]

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

v 2γ

PHENIX PRELIMINARY
jet-QGP
prompt-frag.
Thermal QGP
QGP+prompt+HG

sNN
1/2=200 GeV  Au+Au,   20-40 %

FIG. 6: (Color online) Azimuthal anisotropy of direct photons in 20-40% central collisions at RHIC, within a 2D+1 hydro
model. Dashed line : jet-plasma contributions; dot-dashed line: jet-fragmentation contribution; double dot-dashed line: thermal
radiation of QGP; solid line: sum of QGP, prompt and hadronic gas contributions. The data are from Ref. [31].

We turn now to calculations and measurements of photon azimuthal anisotropy. This was discussed for low pT

photons in Ref. [28], and for high pT photons in Ref. [5]; both regions are treated here. Using Eq. (25), vγ
2 (for real
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3D RELATIVISTIC HYDRODYNAMICS:

¢MUSIC: 3D relativistic hydro
� Ideal: Schenke, Jeon, and Gale, 

PRC (2010)
� FIC and Viscous: Schenke, Jeon, 

Gale, PRL (2011)
9

MUSIC:
(3+1)D HYDRODYNAMIC SIMULATION OF . . . PHYSICAL REVIEW C 82, 014903 (2010)

particle spectra. However, it turns out that for computing
anisotropic flow and especially higher harmonics than v2 it
is essential to determine the freeze-out surface much more
precisely. To do so, within MUSIC we employ the following
method:

We define a cube in four dimensions that may reach over
several lattice cells in every direction and over several τ
steps, and determine if and on which of the cube’s 32 edges
the freeze-out surface crosses. In this work we let the cube
extend over one lattice cell in each spatial dimension and
over ten steps in the time direction. If the freeze-out surface
crosses this cube, we use the intersection points to perform
a 3D-triangulation of the three dimensional surface element
embedded in four dimensional space. This leads to a group of
tetrahedra, each contributing a part to the hypersurface vector.
This part is of the form

d"n
µ = εµαβγ AαBβCγ /6, (59)

where A, B, and C are the three vectors that span the
tetrahedron n. The factor 1/6 normalizes the length of
the vector to the volume of the tetrahedron. We demand
that the resulting vector points into the direction of lower
energy density, i.e., outwards. The vector-sum of the found
tetrahedra determines the full surface-vector in the given
hypercube.

Depending on where the freeze-out surface crosses the
edges, the structure may be fairly simple (e.g., eight crosses,
all on edges in x direction) or rather involved (crossings on
edges in many different directions). The current algorithm is
close to perfect and fails to construct hyper-surface elements
only in very rare cases. Typically these are cases when the
surface crosses the cube in many different directions, e.g., in
the ηs , x, and τ direction. However, even for these cases a
full reconstruction can usually be achieved and the algorithm
was found to succeed in determining the volume element
in ∼99% of the cases for the studied systems. The ∼1%
of surface elements that could not be fully reconstructed
usually miss only one tetrahedron. Because one typocally
needs between eight and 20 tetrahedra to reconstruct a cell,
the error introduced by missing one tetrahedron in the 1%
of the cells lies between 5 and 15%. Considering the high
complexity of the triangulation procedure in four dimensions,
this is a very satisfactory result.

VII. RESULTS

To obtain results for particle spectra, we first compute the
thermal spectra of all particles and resonances up to ∼2 GeV
using Eq. (48) and then perform resonance decays using
routines from AZHYDRO [21,85,92,93] that we generalized
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FIG. 1. (Color online) pT spectra for π−, K−, and p̄ at
central collisions using different equations of state [thin lines:
AuAu-1 (EOS-Q), thick lines: AuAu-3 (EOS-L)] compared to
0–5% central PHENIX data [95]. The used impact parameter was
b = 2.4 fm.

to three dimensions. Unless indicated otherwise, all shown
results include the resonance feed-down. Typically, the used
time step size is )τ ≈ 0.01 fm/c, and the spatial grid spacings
are )x = )y = 0.08 fm, and )ηs = 0.3. This is significantly
finer than in previous 3+1D simulations: [94] for example uses
)τ = 0.3 fm/c, )x = )y = 0.3 fm, and )ηs = 0.3. The
possibility to use such fine lattices is an improvement because
it is mandatory when computing higher harmonics like v4 as
demonstrated below. Another advantage of using large lattices
is that in the KT scheme the numerical viscosity decreases
with increasingly fine lattices (see the Appendix). The spatial
extend of the lattice used in the following calculations is 20 fm
in the x and y direction, and 20 units of rapidity in the ηs

direction.

A. Particle spectra

In Fig. 1 we present the transverse momentum spectra for
identified particles in Au+Au collisions at

√
s = 200 GeV

compared to data from PHENIX [95]. The used parameters
are indicated in Table I. They were obtained by fitting the data
at most central collisions.

We reproduce both pion and kaon spectra well. The model
assumption of chemical equilibrium to very low temperatures
leads to an underestimation of the antiproton spectrum. The
overall shape is however well reproduced, even more so with
the EOS-L that leads to flatter spectra [86].

One way to improve the normalization of the proton and
anti-proton spectra (as well as those of multistrange baryons)
is to employ the partial chemical equilibrium model (PCE)
[32,85,96], which introduces a chemical potential below a
hadron species dependent chemical freeze-out temperature.
Note that the initial time was set to τ0 = 0.4 fm/c when using

TABLE I. Parameter sets.

set EoS τ0 [fm] ε0 [GeV/fm3] ρ0 [1/fm3] εFO [GeV/fm3] TFO [MeV] α ηflat ση

AuAu-1 EOS-Q 0.55 41 0.15 0.09 ≈130 0.25 5.9 0.4
AuAu-2 EOS-Q 0.55 35 0.15 0.09 ≈130 0.05 6.0 0.3
AuAu-3 EOS-L 0.4 55 0.15 0.12 ≈137 0.05 5.9 0.4
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FIG. 2. (Color online) Centrality dependence of pseudorapidity
distribution compared to PHOBOS data [97]. From top to bottom,
the used average impact parameters are b = 2.4 fm, b = 4.83 fm,
b = 6.7 fm, and b = 8.22 fm.

the EOS-L to match the data. The quoted parameter sets fit the
data very well, however, they do not necessarily represent the
only way to reproduce the data and a more detailed analysis of
the whole parameter space may find other parameters to work
just as well.

Next, we show the pseudorapidity distribution of charged
particles at different centralities compared to PHOBOS data
[97] in Fig. 2. The only parameter that changes in going to
larger centrality classes is the impact parameter. Experimental
data are well reproduced also for semicentral collisions,
showing that the results mostly depend on the collision geom-
etry. The used impact parameters, b = 2.4 fm, b = 4.83 fm,
b = 6.7 fm, and b = 8.22 fm, were obtained using the optical
Glauber model and correspond to the centrality classes used
by PHOBOS. We show the centrality dependence of the
transverse momentum spectrum of π− in Fig. 3. Deviations
occur for more peripheral collisions because the soft collective
physics described by hydrodynamics becomes less important
compared to jet physics in peripheral events. However, we find
smaller deviations than [47].

In Fig. 4 we present results for the average transverse
momentum of pions and kaons as a function of pseudorapidity
in central collisions. We compare with 0–5% central data by
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FIG. 3. (Color online) Centrality dependence of π− transverse
momentum spectra compared to PHENIX data [95]. The curves (both
data and hydro) for 10–15%, 15–20%, and 20–30% centrality are
scaled by a factor of 5, 25, and 150, respectively. Thick lines are for
parameter set AuAu-3 (EOS-L), thin lines for AuAu-1 (EOS-Q).
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FIG. 4. (Color online) 〈pT 〉 for positive kaons and pions as a
function of rapidity compared to most central BRAHMS data [98].
The used impact parameter is b = 2.4 fm. Different lines correspond
to different parameter sets: From top to bottom: AuAu-3 (EOS-L),
AuAu-1, AuAu-2 (EOS-Q).

BRAHMS [98] and find good agreement for kaons, but slightly
larger values for pions. This could be expected because the
calculated pT spectra are slightly harder than the experimental
data, especially when using the EOS-L (see Fig. 1).

B. Elliptic flow

We present results for v2 as a function of pT integrated over
the pseudorapidity range −1.3 < η < 1.3, which corresponds
to the cut in the analysis by STAR [99] that we compare to. We
show results for identified hadrons obtained using parameter
set AuAu-1 (EOS-Q) and AuAu-3 (EOS-L) in Fig. 5. While
the pion elliptic flow is relatively well described for both
equations of state, we find an overestimation of the antiproton
v2, especially when using the EOS-L. This is compatible with
results in [86].

Charged hadron v2 is presented in Fig. 6 where we compare
results using different contributions of binary collision scaling
α which lead to different initial eccentricities. We also show
the result obtained by using the EOS-L, which is somewhat
above the EOS-Q result for lower pT but bends more strongly
to be smaller at pT = 2 GeV.

Overall, we find that while the pion v2 is well reproduced,
both antiproton and charged hadron v2 is overestimated for
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FIG. 5. (Color online) pT dependence of the elliptic flow coeffi-
cient v2 for π− and p̄ using parameter set AuAu-1 (EOS-Q, thin lines)
and AuAu-3 (EOS-L, thick lines) compared to STAR data from [99].
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the EOS-L to match the data. The quoted parameter sets fit the
data very well, however, they do not necessarily represent the
only way to reproduce the data and a more detailed analysis of
the whole parameter space may find other parameters to work
just as well.

Next, we show the pseudorapidity distribution of charged
particles at different centralities compared to PHOBOS data
[97] in Fig. 2. The only parameter that changes in going to
larger centrality classes is the impact parameter. Experimental
data are well reproduced also for semicentral collisions,
showing that the results mostly depend on the collision geom-
etry. The used impact parameters, b = 2.4 fm, b = 4.83 fm,
b = 6.7 fm, and b = 8.22 fm, were obtained using the optical
Glauber model and correspond to the centrality classes used
by PHOBOS. We show the centrality dependence of the
transverse momentum spectrum of π− in Fig. 3. Deviations
occur for more peripheral collisions because the soft collective
physics described by hydrodynamics becomes less important
compared to jet physics in peripheral events. However, we find
smaller deviations than [47].

In Fig. 4 we present results for the average transverse
momentum of pions and kaons as a function of pseudorapidity
in central collisions. We compare with 0–5% central data by
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BRAHMS [98] and find good agreement for kaons, but slightly
larger values for pions. This could be expected because the
calculated pT spectra are slightly harder than the experimental
data, especially when using the EOS-L (see Fig. 1).

B. Elliptic flow

We present results for v2 as a function of pT integrated over
the pseudorapidity range −1.3 < η < 1.3, which corresponds
to the cut in the analysis by STAR [99] that we compare to. We
show results for identified hadrons obtained using parameter
set AuAu-1 (EOS-Q) and AuAu-3 (EOS-L) in Fig. 5. While
the pion elliptic flow is relatively well described for both
equations of state, we find an overestimation of the antiproton
v2, especially when using the EOS-L. This is compatible with
results in [86].

Charged hadron v2 is presented in Fig. 6 where we compare
results using different contributions of binary collision scaling
α which lead to different initial eccentricities. We also show
the result obtained by using the EOS-L, which is somewhat
above the EOS-Q result for lower pT but bends more strongly
to be smaller at pT = 2 GeV.

Overall, we find that while the pion v2 is well reproduced,
both antiproton and charged hadron v2 is overestimated for
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THE EFFECTS OF SHEAR VISCOSITY ON BULK DYNAMICS

10

Tideal
µν = (ε + P)uµuν − Pgµν

T µν = Tideal
µν +π µν Israël & Stewart, Ann. Phys. (1979), Baier et al., 

JHEP (2008), Luzum and Romatschke, PRC (2008)

∂µT
µν = 0,
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FIG. 8: (Color online) Comparison of hydrodynamic models to experimental data on charged
hadron integrated (left) and minimum bias (right) elliptic flow by PHOBOS [85] and STAR [87],
respectively. STAR event plane data has been reduced by 20 percent to estimate the removal

of non-flow contributions [87, 88]. The line thickness for the hydrodynamic model curves is an
estimate of the accumulated numerical error (due to, e.g., finite grid spacing). The integrated v2

coefficient from the hydrodynamic models (full lines) is well reproduced by 1
2ep (dots); indeed, the

difference between the full lines and dots gives an estimate of the systematic uncertainty of the
freeze-out prescription.

experimental data from STAR with the hydrodynamic model is shown in Fig. 8.
For Glauber-type initial conditions, the data on minimum-bias v2 for charged hadrons

is consistent with the hydrodynamic model for viscosities in the range η/s ∈ [0, 0.1], while
for the CGC case the respective range is η/s ∈ [0.08, 0.2]. It is interesting to note that
for Glauber-type initial conditions, experimental data for both the integrated as well as the
minimum-bias elliptic flow coefficient (corrected for non-flow effects) seem to be reproduced
best7 by a hydrodynamic model with η/s = 0.08 " 1

4π . This number has first appeared in the

7 In Ref. [22] a lower value of η/s for the Glauber model was reported. The results for viscous hydrodynamics

shown in Fig. 8 are identical to Ref. [22], but the new STAR data with non-flow corrections became

Luzum & Romatschke, PRC (2009)
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THE QGP PHOTONS HERE:

¢Difference between C+a 
and leading order rates is 
≈2, past 1 GeV

¢Nf = 3, T = 350 MeV (top),    
T = 250 MeV (bottom)
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FIG. 2. The Compton and quark-antiquark annihilation contributions to photon production.

A. Photon emission from the QGP

Rates, complete at leading order in ↵

s

, for the emission of photons from a thermal ensemble of partons have
now been available for a decade [31]. The extension of these results to viscous media necessitates revisiting the
resummation procedure in Ref. [31] with out-of-equilibrium distributions: a process we shall not perform here. We
rather concentrate on a subset of the diagrams: the Compton and quark-antiquark annihilation processes shown
in Figure 2. It is instructive to compare the photon rate obtained through the approach described above with the
complete result at leading order in ↵

s

: this is done in Fig. 3. At low p

T

, the full leading order rates are an order of
magnitude larger than the naive leading order rates owing to additional processes. For examples, the former receive
a large contribution of brehmsstrahlung from quarks of all momenta in this range. For p

T

> 1 GeV, the full leading
order rates are only larger by about a factor of two (there is however some temperature dependence to the position
of this transition window).
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FIG. 3. (Color online) A comparison of the equilibrium photon rate from the processes shown in Figure 2 (dashed lines) with
that obtained tallying all channels contributing at leading order in ↵s (full lines), for Nf = 3. The lower set of curves are for
T = 250 MeV, and the upper ones are for T = 350 MeV.
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= 384/3. Calculations of the photon production rate from these channels
were done in Ref. [32], an evaluation with general anisotropic distribution functions (not limited to small deviations
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now been available for a decade [31]. The extension of these results to viscous media necessitates revisiting the
resummation procedure in Ref. [31] with out-of-equilibrium distributions: a process we shall not perform here. We
rather concentrate on a subset of the diagrams: the Compton and quark-antiquark annihilation processes shown
in Figure 2. It is instructive to compare the photon rate obtained through the approach described above with the
complete result at leading order in ↵
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: this is done in Fig. 3. At low p

T

, the full leading order rates are an order of
magnitude larger than the naive leading order rates owing to additional processes. For examples, the former receive
a large contribution of brehmsstrahlung from quarks of all momenta in this range. For p
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> 1 GeV, the full leading
order rates are only larger by about a factor of two (there is however some temperature dependence to the position
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THE NET PHOTON YIELD

¢Viscous corrections make 
the spectrum harder, by 
a modest amount (≈100% 
at pT = 4 GeV).

¢Extracting the viscosity 
from the photon spectra 
will be challenging

¢More work is needed to 
properly include all 
photon sources in a 
consistent way
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FIG. 7. (Color online) The net thermal photon yield, from QGP and HG sources. The ideal spectrum (i.e. using an ideal
hydrodynamics background), and the viscous spectrum (using a viscous hydrodynamics background and corrected microscopic
distribution functions) are shown as a solid and dotted line, respectively.

-0.001

 0

 0.001

 0.002

 0.003

 0.004

 0.005

 0.006

 0.5  1  1.5  2  2.5  3  3.5  4

v
2

pT (GeV)

(a)

ideal hydro
viscous hydro without corrections

viscous hydro with corrections
 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 0.14

 0.16

 0.18

 0.5  1  1.5  2  2.5  3  3.5  4

v
2

pT (GeV)

(b)

ideal hydro
viscous hydro without corrections

viscous hydro with corrections

FIG. 8. (Color online) Left panel: The thermal photon elliptic flow, considering only the photons originating from the QGP. As
in previous figures, the results of using ideal hydrodynamics (solid line), viscous hydrodynamics with equilibrium rates (dotted
line), and viscous hydrodynamics with �f corrections (dash-dotted line) are shown separately. Right panel: The thermal photon
elliptic flow, considering only the photons originating from the HG. The lines have the same meaning as those in the left panel.

v

2

is shown in the right panel of Figure 8 and there, all viscous corrections make the elliptic flow smaller, unlike the
case for the QGP. This is again a reflection of the richness of the dynamics contained in the time-dependence of ⇡µ⌫ .
Further note that the small structure at low momenta signals a crossover between two di↵erent hadronic channels
[40]. The net photon v

2

is then calculated and shown in Figure 9. Importantly, the total v
2

is a weighted average of
the individual (QGP, and HG) coe�cients, the weight being the value of the appropriate single-photon distribution.
Hence, in the computation of the final v

2

, the small QGP v

2

will get multiplied by a large emission rate, whereas
the smaller emission rate of the HG phase gets partially compensated by the larger flows. Both phases therefore
contribute to the final profiles shown in Figure 9.

D. Fluctuating initial conditions (FIC)

The recent years have witnessed a paradigm-shift in the analysis of heavy ion collision data. Up until recently,
smooth initial state distributions were mostly used in hydrodynamics analyses of relativistic nuclear collisions. These,
together with conservation laws, imply that odd-numbered expansion coe�cients in Eq. (1) vanish identically. As
discussed in the Introduction, this situation has changed with the work of Ref. [15] linking odd-numbered flow
harmonics to initial state fluctuations. The hydrodynamic simulation music with viscous corrections has recently
been modified to include FICs [8]. This has been used to make a prediction for size and momentum dependence of
the hadronic v

3

at RHIC. This prediction has been recently confirmed [41]. Here we seek to assess the importance of
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[40]. The net photon v

2

is then calculated and shown in Figure 9. Importantly, the total v
2

is a weighted average of
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the event-by-event fluctuations on photon observables.
For initial conditions that are not smooth, it is important to specify how the reaction plane is determined. The

“participant plane” [42] is used here. Namely, one calculates event-by-event the angle  
2

with respect to the reaction
plane defined by the impact parameter:
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where the averages are over wounded nucleon positions, (r,�), in the transverse plane. The angle  
2

then goes into
the evaluation of v

2

, with  
2

replacing  
r

in Eq. (1). Note that the initial eccentricity is maximized by the choice of
this participant plane. The studies performed here used ensembles of 50 events, leading to uncertainties of the order
of 5% on thermal photon spectra, and of the order of 15% on thermal photon v

2

. The precise value of these variations
is of course p

T

-dependent, but we find that elliptic flow does depend more strongly on the initial structure of the
energy density distribution than the momentum spectrum.

As already observed for hadrons [43] and more recently for photons [44], the lumpy initial states lead to a yield
enhancement. Again, the QGP and HG contributions are calculated separately. They are shown in the two panels
of Figure 10, and the quantitative importance of the enhancement can be judged there. As done previously, only
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this time with FICs, we plot the thermal photon v

2

for QGP and HG. This is shown in Figure 11. Finally, the net
photon spectrum and v

2

are shown in Figure 12. Clearly, in the centrality range studies in this work, the hot spots
and large gradients generated by the fluctuating initial conditions lead to a harder photon spectrum and to a larger
elliptic flow, and this remains true with the inclusion of a finite shear viscosity to entropy density ratio.

QGP

HG
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THE NET PHOTON V2

¢The net elliptic flow is a 
weighted average. A larger yield 
(QGP) will get compensated by 
a smaller v2. Same story for the 
HG

¢The turnover at pT ≈ 2 GeV is 
QGP-driven

¢The small structure at low pT is 
hadronic: it is a cross-over 
between two hadronic channels

¢The net effect of viscous 
corrections makes the photon 
elliptic flow smaller, as it does 
for hadrons

17
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NON-EQUILIBRIUM EFFECTS
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from equilibrium) appeared in Ref. [33], and a viscosity-corrected rate (to first order in �f) was obtained recently in
[34], assuming forward-scattering dominance of the photon-producing reaction. The rates reported here are obtained
through a numerical integration of Eq. (8) with out-of-equilibrium distribution functions (Eq. (7)). The integrations
span the entire accessible phase space, carefully avoiding divergences as prescribed in Ref. [32]. Appropriate quantum
statistics have been used.

B. Photon emission from the hadronic gas

As the ensemble of partons thermalizes (totally or partially) and then expands and cools, it hadronizes into an
ensemble of colorless hadrons called here the hadronic gas (HG) which continues to expand and to cool even more.
The HG thermal electromagnetic emissivity has been characterized in Ref. [35]. Following that reference, a Massive
Yang-Mills (MYM) model is used to model the interactions between light pseudoscalars, vector and axial vector
mesons. The set we consider contains the elements {⇡,K, ⇢,K

⇤
, a

1

}, and the most important photon-producing rates
are ⇡ + ⇢ ! ⇡ + �, ⇡ + ⇡ ! ⇢ + �, ⇡ + K

⇤ ! K + �, ⇡ + K ! K

⇤ + �, ⇢ + K ! K + �, K⇤ + K ! ⇡ + �.
Two-body photon-production processes dominate the phase space for photon transverse momenta above 0.5 GeV [35].
All isospin-allowed channels are considered.

The viscous corrections also demand a complete recalculation of the HG photon rates, by including the corrected
distribution functions - see Eq. (7) - in all the relevant rate equations. Note that corrections of order �f2 are neglected
for consistency, as are corrections to Pauli-blocking or Bose-enhancement e↵ects. These corrections are found to be
small. The Appendix outlines the procedure for correcting the electromagnetic emissivities, allowing for viscous e↵ects
in the hadronic distribution functions.

IV. RESULTS

A. Viscous corrections: generalities

For both cases discussed in the previous section (QGP and HG), rates for “viscous photons” were not shown. In
fact, those require detailed dynamical information as they depend on the details of ⇡µ⌫ and of its time evolution as
specified by Eqs. (7) and (5). It is thus appropriate to examine this quantity here, and this is done in Figure 4, in
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FIG. 4. (Color online) Left panel: The time evolution of di↵erent components of the local ⇡µ⌫ tensor, divided by ⌘. Right
panel: The time evolution of the diagonal elements of ⇡ij (scaled by ⌘), and also that of the trace of the viscous tensor. The
calculations are done for a fluid cell at x = y = 2.5 fm, and z = 0, and the impact parameter is b = 4.47 fm.

the rest frame of a fluid cell; note that there ⇡

tt is 0. At the initial time, the viscous corrections are non-existent,
as we initialize the viscous pressure tensor to zero. They build up quickly, and then decay back to zero. Right after
the initial time, the magnitude of the zz component is larger than the other two diagonal ones by roughly a factor of
2, and this fact persists up to late times. The relative sign of ⇡

zz

can be understood from the fact that ⇡

ij

should
be traceless in the fluid rest frame (c.f. Eqs. (5, 6)). Note that this requirement was not enforced explicitly at each
step of the calculation. The preservation of this trace then reflects the stability of the numerics: see the right panel
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Charles Gale

NON-EQUILIBRIUM EFFECTS: CONT’D
¢Pick a photon momentum (       in x-y plane,          ), 

Lorentz-transform back to fluid rest frame. 
¢Assume a massless fermion for the high T part. 

Processes are 2     2: Obtain the correction to the 
distribution function.

¢Some numbers:

¢Initially, corrections vanish.
19

Early times Late times

pT = 2 GeV

pT = 3 GeV

δ f
f0

≥1 ≈ 20%
≥ 2 ~ 0

≥1 ≈ 5%
≥ 2 = 0
≥1 ≈ 25%
≥ 2 ≈ 5%

≥1 ≈ 80%
≥ 2 ≈ 30%

ηs ≈ 0π / 4
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ANATOMY OF NON-EQUILIBRIUM EFFECTS

¢Larger viscous corrections at high temperatures/early 
times: elements of the shear tensor are larger

¢Higher momenta command larger viscous corrections: 
broader distribution for the relative correction factor

¢Small (negligible number of occurrences where the 
occupation function becomes negative

¢Only electromagnetic radiation imposes such a 
stringent constraint on the dynamical models: from 
early to late times

20
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INITIAL STATE FLUCTUATIONS: A PARADIGM SHIFT IN 
HEAVY ION ANALYSES
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INITIAL STATE FLUCTUATIONS: MC GLAUBER 
INITIALIZATION

¢Sample the nucleon locations from the nuclear density 
profile (with or without the shell effect deformations)

¢Identify the colliding partners (                   )
¢Having identified the wounded nucleons, ascribe an 

energy distribution at each site, with a Gaussian 
width      .  

22
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THE EFFECT ON THE THERMAL PHOTON SPECTRUM

¢FIC produces higher 
initial T (hot spots), 
and higher initial 
gradients

¢FIC conditions are 
demanded by 
hadronic data (vodd)

¢These lead to a 
harder spectrum, as 
for hadrons

23
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MORE SPECTRUM STUDIES

¢Combined with viscous 
corrections, FIC yield an 
enhancement by ≈5 @ 4 GeV, 
and ≈2 @ 2 GeV

¢HG enhancement is as big 
as that from the QGP, but 
net signal is down by an 
order of magnitude

24
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FIG. 9. (Color online) The net thermal photon elliptic flow. The curves have the same meaning as in Figure 7.

the event-by-event fluctuations on photon observables.
For initial conditions that are not smooth, it is important to specify how the reaction plane is determined. The

“participant plane” [42] is used here. Namely, one calculates event-by-event the angle  
2

with respect to the reaction
plane defined by the impact parameter:

 

2

=
1

2
arctan

✓

hr2 sin(2�)i
hr2 cos(2�)i

◆

(10)

where the averages are over wounded nucleon positions, (r,�), in the transverse plane. The angle  
2

then goes into
the evaluation of v

2

, with  
2

replacing  
r
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this participant plane. The studies performed here used ensembles of 50 events, leading to uncertainties of the order
of 5% on thermal photon spectra, and of the order of 15% on thermal photon v

2

. The precise value of these variations
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-dependent, but we find that elliptic flow does depend more strongly on the initial structure of the
energy density distribution than the momentum spectrum.

As already observed for hadrons [43] and more recently for photons [44], the lumpy initial states lead to a yield
enhancement. Again, the QGP and HG contributions are calculated separately. They are shown in the two panels
of Figure 10, and the quantitative importance of the enhancement can be judged there. As done previously, only
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this time with FICs, we plot the thermal photon v

2

for QGP and HG. This is shown in Figure 11. Finally, the net
photon spectrum and v

2

are shown in Figure 12. Clearly, in the centrality range studies in this work, the hot spots
and large gradients generated by the fluctuating initial conditions lead to a harder photon spectrum and to a larger
elliptic flow, and this remains true with the inclusion of a finite shear viscosity to entropy density ratio.
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Charles Gale

MORE SPECTRUM STUDIES

¢Combined with viscous 
corrections, FIC yield an 
enhancement by ≈5 @ 4 GeV, 
and ≈2 @ 2 GeV

¢HG enhancement is as big 
as that from the QGP, but 
net signal is down by an 
order of magnitude

24
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V. CONCLUSION

In this work we have sought to establish the quantitative importance of a finite shear viscosity coe�cient and of
fluctuating initial conditions on two real photon observables: the one-body spectrum and the transverse momentum
dependence of the elliptic flow coe�cient. This was done using music, a realistic 3+1D relativistic hydrodynamical
simulation. Importantly, comparisons between cases with and without viscous corrections were done using conditions
tuned to hadronic experimental data, and this was the case also for studies involving FICs. Results obtained here show
that the combined e↵ects of the viscosity and of the FICs are large enough to make their inclusion mandatory in any
attempt to quantitatively extract transport coe�cients of the hot and dense matter from thermal photon data. It was
not the point of this work to explicitly compare with experimental measurements just yet. Firstly, 3+1D relativistic
viscous hydrodynamics models are in their infancy, and systematic studies of all parameter dependences, in the spirit
of that in Ref. [45] for example, will be useful to establish a more precise quantitative link between observables and the
underlying hydrodynamics. Secondly, in what concerns the photon sources, an inclusive and consistent treatment of
all of them (pQCD photons, photons from jets interacting and fragmenting while losing energy . . . ) with and without
viscosity is still to be done. Finally, exploring the consequences of what has been found here on electromagnetic
observables at the LHC should prove interesting and relevant.

In closing, it is worth mentioning that recently the PHENIX collaboration at RHIC has extracted a direct photon
v

2

from measured data [46]. Interestingly, this analysis concludes that the direct photon elliptic flow is comparable
in magnitude to that of the ⇡

0. This large photon elliptic flow is a challenge to most approaches, but may contain

Net spectrum

Tuesday, 6 December, 11



Charles Gale

FICS VS. AICS

¢Velocities are larger 
with FICs, by ≈60%

¢Early times velocities 
are small, but still 
different in the two 
cases

¢This suggest a 
combination of “hot 
spots” and of blue-
shift, for generating 
the harder spectra 
with FICs. 
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Charles Gale

QUANTIFYING THE EFFECT ON THE THERMAL PHOTON 
SPECTRUM

26

PT  (GeV) Viscosity FIC Viscosity + FIC

1

2

3

18% 18% 41%

30% 45% 82%

30% 77% 126%
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Charles Gale

FICS AND THERMAL PHOTON V2
¢The combination of FICs and of 

viscous effects enhance v2 in 
this centrality class (0-20%), as 
for hadrons

¢For hadrons measured in 
events belonging to large 
centrality, FICs will decrease 
v2

¢HG elliptic flow is much larger 
than QGP elliptic flow, but 
remember net v2 is a weighted 
average. Shapes are also 
different, as before
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V. CONCLUSION

In this work we have sought to establish the quantitative importance of a finite shear viscosity coe�cient and of
fluctuating initial conditions on two real photon observables: the one-body spectrum and the transverse momentum
dependence of the elliptic flow coe�cient. This was done using music, a realistic 3+1D relativistic hydrodynamical
simulation. Importantly, comparisons between cases with and without viscous corrections were done using conditions
tuned to hadronic experimental data, and this was the case also for studies involving FICs. Results obtained here show
that the combined e↵ects of the viscosity and of the FICs are large enough to make their inclusion mandatory in any
attempt to quantitatively extract transport coe�cients of the hot and dense matter from thermal photon data. It was
not the point of this work to explicitly compare with experimental measurements just yet. Firstly, 3+1D relativistic
viscous hydrodynamics models are in their infancy, and systematic studies of all parameter dependences, in the spirit
of that in Ref. [45] for example, will be useful to establish a more precise quantitative link between observables and the
underlying hydrodynamics. Secondly, in what concerns the photon sources, an inclusive and consistent treatment of
all of them (pQCD photons, photons from jets interacting and fragmenting while losing energy . . . ) with and without
viscosity is still to be done. Finally, exploring the consequences of what has been found here on electromagnetic
observables at the LHC should prove interesting and relevant.

In closing, it is worth mentioning that recently the PHENIX collaboration at RHIC has extracted a direct photon
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from measured data [46]. Interestingly, this analysis concludes that the direct photon elliptic flow is comparable
in magnitude to that of the ⇡
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V. CONCLUSION

In this work we have sought to establish the quantitative importance of a finite shear viscosity coe�cient and of
fluctuating initial conditions on two real photon observables: the one-body spectrum and the transverse momentum
dependence of the elliptic flow coe�cient. This was done using music, a realistic 3+1D relativistic hydrodynamical
simulation. Importantly, comparisons between cases with and without viscous corrections were done using conditions
tuned to hadronic experimental data, and this was the case also for studies involving FICs. Results obtained here show
that the combined e↵ects of the viscosity and of the FICs are large enough to make their inclusion mandatory in any
attempt to quantitatively extract transport coe�cients of the hot and dense matter from thermal photon data. It was
not the point of this work to explicitly compare with experimental measurements just yet. Firstly, 3+1D relativistic
viscous hydrodynamics models are in their infancy, and systematic studies of all parameter dependences, in the spirit
of that in Ref. [45] for example, will be useful to establish a more precise quantitative link between observables and the
underlying hydrodynamics. Secondly, in what concerns the photon sources, an inclusive and consistent treatment of
all of them (pQCD photons, photons from jets interacting and fragmenting while losing energy . . . ) with and without
viscosity is still to be done. Finally, exploring the consequences of what has been found here on electromagnetic
observables at the LHC should prove interesting and relevant.

In closing, it is worth mentioning that recently the PHENIX collaboration at RHIC has extracted a direct photon
v
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from measured data [46]. Interestingly, this analysis concludes that the direct photon elliptic flow is comparable
in magnitude to that of the ⇡

0. This large photon elliptic flow is a challenge to most approaches, but may contain
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¢The combination of FICs and of 

viscous effects enhance v2 in 
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for hadrons

¢For hadrons measured in 
events belonging to large 
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remember net v2 is a weighted 
average. Shapes are also 
different, as before

27

10

-0.0005

 0

 0.0005

 0.001

 0.0015

 0.002

 0.0025

 0.003

 0.0035

 0.004

 0.0045

 0.5  1  1.5  2  2.5  3  3.5  4

v
2

pT (GeV)

(a)

AIC, η/s = 0
AIC, η/s = 1/4π

FIC
 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 0.14

 0.16

 0.18

 0.5  1  1.5  2  2.5  3  3.5  4
v

2
pT (GeV)

(b)

AIC, η/s = 0
AIC, η/s = 1/4π

FIC

FIG. 11. (Color online) The thermal photon v2, showing the e↵ect of FICs. The left panel shows the contribution from the
QGP, and the right panel that of the HG. Note that the curve labeled “FIC” also includes all viscous corrections (time evolution
and �f).

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

 0.5  1  1.5  2  2.5  3  3.5  4

E
 d

3
N

/d
3
p
 (

G
eV

-2
)

pT (GeV)

(a)

AIC, η/s = 0
AIC, η/s = 1/4π

FIC

 0.005

 0.01

 0.015

 0.02

 0.025

 0.03

 0.035

 0.5  1  1.5  2  2.5  3  3.5  4

v
2

pT (GeV)

(b)

AIC, η/s = 0
AIC, η/s = 1/4π

FIC

FIG. 12. (Color online) The net thermal photon yield (left panel) and v2 (right panel), showing the e↵ect of FICs. Note that
the curve labeled “FIC” also includes all viscous corrections (time evolution and �f).

V. CONCLUSION

In this work we have sought to establish the quantitative importance of a finite shear viscosity coe�cient and of
fluctuating initial conditions on two real photon observables: the one-body spectrum and the transverse momentum
dependence of the elliptic flow coe�cient. This was done using music, a realistic 3+1D relativistic hydrodynamical
simulation. Importantly, comparisons between cases with and without viscous corrections were done using conditions
tuned to hadronic experimental data, and this was the case also for studies involving FICs. Results obtained here show
that the combined e↵ects of the viscosity and of the FICs are large enough to make their inclusion mandatory in any
attempt to quantitatively extract transport coe�cients of the hot and dense matter from thermal photon data. It was
not the point of this work to explicitly compare with experimental measurements just yet. Firstly, 3+1D relativistic
viscous hydrodynamics models are in their infancy, and systematic studies of all parameter dependences, in the spirit
of that in Ref. [45] for example, will be useful to establish a more precise quantitative link between observables and the
underlying hydrodynamics. Secondly, in what concerns the photon sources, an inclusive and consistent treatment of
all of them (pQCD photons, photons from jets interacting and fragmenting while losing energy . . . ) with and without
viscosity is still to be done. Finally, exploring the consequences of what has been found here on electromagnetic
observables at the LHC should prove interesting and relevant.

In closing, it is worth mentioning that recently the PHENIX collaboration at RHIC has extracted a direct photon
v

2

from measured data [46]. Interestingly, this analysis concludes that the direct photon elliptic flow is comparable
in magnitude to that of the ⇡

0. This large photon elliptic flow is a challenge to most approaches, but may contain

Net v2

¢Net v2 is comparable in size to 
that with ideal medium. 
Bending down is QGP-driven
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Charles Gale

PHOTON V2 DATA?

¢New data is higher than calculation, even with e-b-e 
initial state fluctuations, and ideal hydro

¢Size comparable with HG v2, but shape is wrong 28
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Charles Gale

SOME FACTS AND SOME THINGS TO TRY
¢FICs are here to stay
¢Change hydro initialization and parameters. This 

requires consistency with the hadronic data
¢Making the QGP signal larger will decrease the v2. 

Including the T=0 photons, will decrease v2

¢Non-zero initial shear tensor
¢The HG sector: A consistent treatment of chemical 

potentials is needed. However, 

29

Chun Shen, OSU
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Charles Gale

WHAT ABOUT DILEPTONS?
THERMAL DILEPTON ELLIPTIC FLOW

¢Additional degree of freedom: M and pT may be varied 
independently

30

v2 (M , pT ,b) =
dφ cos(2φ) d 4N

dM 2dy pTdpTdφ∫
dφ d 4N

dM 2dy pTdpTdφ∫
Chatterjee, Srivastava, Heinz, Gale, PRC (2007)
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THERMAL DILEPTON SOURCES

¢QGP: Born term 
¢HG contribution: calculate the in-medium vector 

spectral density

31

 qq→ 
+−

Πab (E, p) = −4π d 3k
(2π )3

nb (ω )
s

ω
fab
c.m.∫ (s)

¢Vector mesons 
scatter off hadrons. 
Spectral density is 
distorted

3.2 The ρ and the ω mesons 55

Table 3.6: Baryon resonances, both threshold and substhreshold, included in ρN FSA

Resonance Mass Width Branching ratio

(GeV) (GeV)

N(2190) 2.127 0.547 0.29

N(2100) 1.885 0.113 0.27

N(2090) 1.928 0.414 0.49

N(2080) 1.804 0.447 0.26

N(2000) 1.903 0.494 0.60

N(1900) 1.879 0.498 0.44

N(1720) 1.717 0.383 0.87

N(1700) 1.737 0.249 0.13

N(1520) 1.520 0.115 0.0040

∆(2000) 1.752 0.251 0.22

∆(1940) 2.057 0.460 0.35

∆(1905) 1.881 0.327 0.86

∆(1900) 1.920 0.263 0.38

∆(1700) 1.762 0.599 0.08

∆(1232) 1.232 0.118 0.0055

Table 3.7: Meson resonance included in ρπ FSA

Resonance Mass Width Branching ratio

(GeV) (GeV)

ω(1420) 1.419 0.174 1

a2(1320) 1.318 0.107 0.70

π(1300) 1.300 0.40 0.32

a1(1260) 1.230 0.40 0.68

h1(1170) 1.170 0.36 1

φ(1020) 1.020 0.0045 0.13

Eletsky and Ioffe, PRL (1997)
Eletsky and Kapusta, PRC (1999)

     :Vujanovic and Gale, 
PRC (2009)
φ
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∆(1232) 1.232 0.118 0.0055

Table 3.7: Meson resonance included in ρπ FSA

Resonance Mass Width Branching ratio

(GeV) (GeV)

ω(1420) 1.419 0.174 1

a2(1320) 1.318 0.107 0.70

π(1300) 1.300 0.40 0.32

a1(1260) 1.230 0.40 0.68

h1(1170) 1.170 0.36 1

φ(1020) 1.020 0.0045 0.13

Eletsky and Ioffe, PRL (1997)
Eletsky and Kapusta, PRC (1999)

The above observations and remarks on the relative im-
portance of pions and nucleons may need to be reexamined
when really applying these calculations to heavy ion colli-
sions. The pions may be overpopulated in phase space, com-
pared to a thermal Bose-Einstein distribution, and this could
be modeled either by introducing a chemical potential for
pions or simply by multiplication by an overall normaliza-
tion factor. Pions would need to be enhanced by a substantial
factor ~5 or more! to make a noticeable contribution at a
density of 0.155 nucleons per fm3.
Recently preliminary data in Pb-Au collisions at 160A

GeV have been presented @15# where, in studying the e1e2

mass spectrum, it was found that the r peak is absent at

kT(e1e2),400 MeV, but reappears as a broad enhance-
ment at kT(e1e2).400 MeV. This appears to be just the
opposite of our findings. However, our calculations refer to
the r momentum relative to the local rest frame of the mat-
ter. In a heavy ion collision, the matter generally flows out-
ward from the central collision zone. Therefore a low mo-
mentum r meson may actually be moving faster relative to
the outflowing matter than a higher momentum one. No con-
clusion can really be drawn without putting our results into a
space-time model of the evolution of matter in a heavy ion
collision.
In summary, we have studied the properties of the neutral

r meson in a finite temperature pion gas with and without
nucleons present. Nucleons play the dominant role. They
provide a generally positive potential for the r mesons and
greatly increase their width. The r meson spectral density is
so broadened that the r may lose its identity as a well de-
fined particle or resonance. Our results are based on experi-
mental information on the scattering amplitudes and as such
provide a direct extrapolation from zero temperature and
density to nonzero values of both. At sufficiently high energy
density the matter can no longer be described very well as a
gas of noninteracting pions and nucleons. Nevertheless the
trends must be obeyed by any realistic calculations of the r
meson in-medium. Applications to thermal and hydrody-
namic models of heavy ion collisions are under investigation.
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FIG. 5. The imaginary part of the r meson propagator as a
function of invariant mass for fixed values of momentum as indi-
cated. The temperature is 100 MeV and the nucleon density is the
same as in ordinary nuclei: 0.155 nucleons/fm3.
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THERMAL DILEPTON SPECTRA: SOME RESULTS
¢Transition from HG-

dominated to QGP-
dominated

¢        not included here
¢Effects of viscous 

corrections are modest

¢Same hydro as for photon 
calculations
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THERMAL DILEPTON V2 WITH VISCOUS EFFECTS
¢Low M: HG-dominated
¢High-M: QGP dominated

¢No open charm here
¢v2 as a function of M will 

contain some info on the 
transition regime

¢Viscous effects are modest
¢FICs? Coming soon... 
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various hydro parameters such as viscosity, and 
initial state fluctuations
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CONCLUSIONS
• Photon v2 is very sensitive to the EOS, and to 
various hydro parameters such as viscosity, and 
initial state fluctuations

• Dilepton v2 is needed to complete the EM 
emission systematics

• Photon v2 data needs interpretation with 
consistent dynamical approach, but suggestive 
of new physics

• FICs and viscosity(ies) make a difference in 
photon characterization

• Hydro has to be consistent with hadronic data
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